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The distribution and metabolism of halogenated organics
major focus for microbiologists, environmental chemists, and those in the allied health sciences. The primary
reason for this emphasis is the large diversity of anthropogenic halogenated compounds, most of which are either
recalcitrant or toxic or both (14, 26). To date, much of the
ecological research has been directed toward understanding
the behavior of halogenated organics in freshwater systems,
soils, and various sludges (2, 4, 5, 9, 10, 13, 20, 28, 29, 32,
35-38). This is justified since these systems are the sites
where pollutants may have the greatest impact. However,
the emphasis on nonmarine systems may have resulted in an
excessively restricted view of the potential for dehalogenation by microorganisms.
Although marine systems have been exposed to a diversity
of halogenated pollutants for the last century or so, they
have been exposed to numerous naturally occurring organohalides for perhaps hundreds of millions of years. A substantial fraction of the marine biota produces a remarkable array
of aliphatic and aromatic compounds containing chlorine,
bromine, or iodine (1, 6, 8, 12, 16, 21, 23, 25, 27, 34, 37). The
macroalgae (especially chlorophytes and rhodophytes) and
invertebrates, such as poriferans, nemerteans, turbellerians,
and hemichordates, have been well characterized with respect to the production of organohalides, the most common
of which are polybrominated. However, some notable exceptions are polychlorinated (25). Many of the compounds
which have been isolated have antimicrobial activities, and it
has been proposed that these organics play an ecological role
(see, e.g., references 12, 16, 27, and 34).
Although specific roles have not yet been demonstrated
unequivocally, the presence of these compounds at potentially high concentrations in microzones around a given
animal or plant source may have selected for populations of

bacteria that are effective dehalogenators. Earlier studies by
King (16) indicated that 2,4-dibromophenol (DBP) occurred
at concentrations up to several hundred micromolar in the
mucus lining of the burrows of a hemichordate, Saccoglossus kowalewskii. At these levels, aerobic metabolism
was selectively inhibited relative to anaerobic metabolism.
Furthermore, DBP was rapidly dehalogenated (<24 h) under
anaerobic conditions at a total added concentration of 1 mM.
These initial data suggested that bacterial populations from
specific marine sites may have developed enzymatic capabilities similar to those of freshwater or soil populations
exposed to halocarbons as pollutants.
This manuscript documents additional details of halophenol metabolism in intertidal marine sediments, including a
capacity to degrade 2,4-dichlorophenol (DCP). Both field
data and laboratory studies indicate that DBP may inhibit the
growth of aerobic bacteria on the inner surfaces of S.
kowalewskii burrows, but that an anaerobic community can
mineralize DBP (and other halophenols) to CO2 and H2S via
sulfate reduction. Sulfate-reducing bacteria are not directly
involved in dehalogenation but appear to oxidize either
phenol or other end products from the dehalogenators.

are a

MATERIALS AND METHODS
Halophenol metabolism in sediments. The degradation of
various halophenols in sediments was determined by adding
aqueous solutions of an appropriate halophenol to sediment
slurries (1 to 5 ml) contained in 10-ml serum bottles that were
sealed with Teflon-lined septa and crimp seals. Final concentrations of the phenols were between 10 and 1,000 ,uM.
The slurries were prepared by diluting sediment from the 0to 1-cm interval (aerobic incubations) or 1- to 4-cm interval
(anaerobic incubations) 1:1 with filtered seawater. Samples
for anoxic incubations were processed in an anaerobic
chamber (Coy Plastics, Inc.); the gas phases of these samples consisted of 100% nitrogen. Time courses were begun
after injection of the halophenols. All slurries were incubated at ambient temperature for up to 14 days. Duplicate or
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Halophenols such as 2,4-dibromophenol (DBP) occur naturally in some marine sediments, as a consequence
of various animal and algal activities. In an earlier study, DBP was observed in the burrow microenvironment
of the hemichordate Saccoglossus kowalewskii. At the concentrations found in the burrow lining, aerobic
respiration appeared to be inhibited significantly relative to anaerobic catabolism. This effect, as well as factors
contributing to the degradation of DBP, has been documented further here. Results from the addition of
radiolabeled DBP to oxic and anoxic sediment slurries and growth experiments with aerobic and anaerobic
enrichments suggested that aerobes did not significantly metabolize DBP and that concentrations likely to be
encountered on the inner surfaces of the burrow wall were inhibitory. In contrast, only minimal inhibition of
growth occurred for anaerobes exposed to 1 mM DBP; in addition, DBP was substantially degraded in both
enrichments and sediments under anaerobic conditions. Dehalogenation with the consequent production of
phenol appeared to initiate anaerobic degradation. Sulfate-reducing bacteria did not dehalogenate DBP but
appeared to degrade phenol. Decreased bacterial numbers and marked differences in the concentration and
chemical speciation of iron in sediments from S. kowalewskii burrows may be attributed to toxic effects of DBP
on aerobic bacteria.

KING

triplicate samples were sacrificed at intervals for halophenol
analysis. Halophenols were extracted from the sediments
with 1 ml of either ether or hexane, the choice of which
depended on the detection method used (see below). After
vigorous mixing and an extraction of typically 1 h, subsamples of the organic phase were injected into a Varian 3400 or
3700 gas chromatograph fitted with a 15-m Megabore DB-5
wide-bore capillary column (Curtin Scientific, Inc.) operated
at 150°C with a carrier of nitrogen at a flow rate of 10 ml/min.
Either an electron capture detector or a flame ionization
detector was used as dictated by needs for sensitivity.
Authentic standards were used to identify phenol, 2- and
4-chloro- and bromophenols, and DBP and DCP.
Slurries prepared similarly were also used in an incubation
with [U-14C]DBP (296 MBq/mmol; Sigma Chemical Co.).
Portions (10 ml) were incubated in crimp-seal tubes (Bellco
Glass, Inc.) with an atmosphere of either ambient air or
100% nitrogen. The tubes were shaken during the incubation
to ensure an adequate supply of oxygen for the aerobic
treatments. Radiolabeled DBP and stable DBP were added
to give final concentrations of either 10 or 1,000 ,M.
Triplicate samples of the tube headspaces were collected by
syringe at intervals for analysis of 14CO2 production. Headspace samples were injected into sealed vials containing 7 ml
of a trap containing methanol and ethanolamine at a ratio of
5:2. Scintillation cocktail was added subsequently for radioassay by using an LKB 1217 scintillation counter with
external standards quench correction. At the termination of
the incubation, the slurries were acidified with 1 N HCl, and
the 14CO2 released was stripped with a flow of nitrogen into
traps containing 7 ml of a solution consisting of methanol and
ethanolamine as above. The total versus the headspace
concentration of 14CO2 at the final time point was used to
correct data from earlier analyses for the aqueous-phase
concentrations.
The effects of added DBP on sulfate reduction were
determined by homogenizing sediment from the 1- to 4-cm
depth interval. The homogenate was subdivided for controls
and treatments, which consisted of the addition of DBP at a
final concentration of 1 mM. The homogenates were then
drawn into 5-ml syringes with the luer tips removed. The
syringes were sealed with 20-mm serum bottle septa (Supelco, Inc.). All of the initial processing took place in an
anaerobic chamber. A 10-,ul portion of a solution containing
approximately 37 kBq of 3S042- was then injected along the
longitudinal axes of the syringes. The syringes were incubated at ambient temperature for up to 7 days; at intervals,
triplicate samples from the control and treatment sets were
frozen to terminate metabolism. The formation of radiolabeled sulfide was determined by using a chromium reduction
digestion for total activity as previously detailed (17).
Enrichment experiments. Sediments from the upper 1 cm
and from 2- to 4-cm depth intervals were used to enrich for
aerobic and anaerobic bacterial populations, respectively.
Marine Broth 2216 (Difco Laboratories) was inoculated with
sediments from the appropriate zone which then were incubated with either an air or 100% nitrogen atmosphere at
room temperature; for anaerobic incubations, the Marine
Broth 2216 was supplemented with 0.01% sodium thioglycolate and 0.001% resazurin (Sigma Chemical Co.). The mixed
populations which grew under these conditions were subsequently transferred into duplicate 250-ml Erlenmeyer flasks
with fresh media amended with concentrations of DBP
ranging from 10 to 1,000 ,uM; unamended media served as
controls. Flasks sealed with butyl stoppers were used for the
anaerobes; these flasks were sampled with a syringe and
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needle. Flasks that were stoppered with cotton plugs and
sampled by pipette were used for the aerobes. Growth in
each of the cultures was monitored by measuring A550 with
an LKB Ultrospec 4050. At intervals, the media were also
assayed for the presence of DBP or other phenolic metabolites by gas chromatography as described above. All cultures
were examined microscopically to assess morphological
diversity; the aerobic enrichments were further characterized to determine taxonomic composition at the genus level
by using standard techniques.
Burrow wall cell number estimates. All sediments used in
this study were collected from an intertidal mudflat located
in Lowes Cove, Maine. This site has been described previously (7, 16, 18). Bacterial cell numbers were estimated for
samples collected from the upper 1 mm of surface sediments,
for sediments from a 1- to 5-cm depth, and for sediments
from the inner burrow walls of S. kowalewskii and a polychete, Nereis succinea. Sediments were collected with a
sterile spatula; samples of about 1 g were placed in 5 ml of
5% buffered Formalin (in 0.2 puM filtered seawater). The
burrow wall samples were obtained after exposing a vertical
profile of the sediment with a small shovel; burrows were
readily visible, since the sediment typically cracked along
burrow axes. S. kowalewskii burrows were identified by
their characteristic appearance (16), whereas N. succinea
burrows were identified by the presence of the polychete.
Samples were generally collected from burrows within the
upper 5 cm; scrapings from several burrows were pooled to
obtain an appropriate mass. Multiple collections were used
to assess heterogeneity. Cell numbers were determined by
the method of DeFlaun and Mayer (7); 4',6'-diamidino-2phenylindole (DAPI) was used as a fluorochrome, and filters
were stained with Irgalan Black to improve contrast. A
minimum of 20 fields were counted per filter. Duplicate
estimates were made for each sediment sample, and triplicate samples were used for each depth or sediment source.
A parallel set of samples were also collected for analyses
of particulate iron. Approximately 100-mg aliquots of fresh
sediment were subjected to aqua regia and 6 N HCl digestions as well as extraction by oxalate (22). The digestions
and iron analyses were conducted as described by King (15).
The iron in each of these fractions was expressed on a dry
weight basis after correcting for water content; fresh rather
than dried sediments were used for the digestions and
extractions to avoid any artifacts due to oxidation.
RESULTS
The degradation of added halophenols occurred almost
exclusively in anoxic slurries (Fig. 1); little or no loss was
observed during aerobic incubations, and no loss occurred in
controls. DBP was degraded most rapidly with no halogenated intermediates detected; 2,4,6-tribromophenol (TBP)
was also dehalogenated quite rapidly, but in this case, DBP
was observed as a transient intermediate. More than 90% of
the added substrates were lost in 48 h for DBP and TBP.
DCP was also dehalogenated, but at a somewhat lower rate
than the bromophenols were. At the termination of the
incubation, approximately 22% of the added DCP still remained.
The metabolism of radiolabeled DBP showed trends similar to those for losses of added, stable DBP. Under anoxic
conditions, substantial DBP oxidation occurred with only a
brief lag (10 to 20 h) at both 10 and 1,000 ,uM final concentrations (Fig. 2). Little difference was noted between the two
concentrations, with final "4CO2 values accounting for about
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FIG. 1. Anaerobic degradation of various halogenated phenols in
sediment slurries; all initial concentrations at 1 mM. Symbols: *,
DBP; C1, DCP;
TBP;
autoclaved control, DBP. All data
represent means of triplicate determinations.

30% of the added label. Under aerobic conditions, no
oxidation (or 1'4CO2 production) occurred at 1,000 p.M;
however, after a lag of 60 h, significant 1'CO2 production
was noted for 10 ,uM additions. In this case, final 1'CO2
production was similar for both aerobic and anaerobic
incubations.
The effect of added DBP (final concentration, 1,000 ,uM)
on sulfate reduction was apparently dependent on the length
of incubation (Fig. 3). During an initial 48-h period, rates of
sulfate reduction were inhibited relative to controls. However, after this period, sulfate reduction was stimulated
significantly. The period of inhibition was approximately
equal to the time required in earlier experiments for extensive DBP dehalogenation (e.g., Fig. 1). The linearity of
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FIG. 2. Oxidation of [U-14C]DBP to 14CO2 under aerobic and
anaerobic conditions in sediment slurries. Symbols:
10 ,uM DBP,
aerobic; 0, 1,000 ,uM DBP, aerobic; A, 10 FM DBP, anaerobic; *,
1,000 I.M DBP, anaerobic. All data represent means of triplicate
U,

determinations.
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FIG. 3. Effect of added DBP on rates of sulfate reduction in
sediment slurries; final DBP concentration, 1 mM. Symbols: *,
+DBP; *, unamended control. All data represent means of triplicate determinations.

sulfide formation in the controls for the entire incubation
period and in DBP-amended sediments after 48 h indicated
that any alterations in microbial populations or other
changes in the slurries had minimal impact on sulfate reducers.

Patterns of growth in the enrichment cultures paralleled
results from the various slurry degradation experiments. In
the aerobic cultures, DBP had no noticeable effect at 10 ,uM;
however, growth was inhibited at concentrations 250 ,uM
(Fig. 4a and c). At levels of 500 and 1,000 ,uM, growth was
completely inhibited and no viable cells were observable by
direct microscopy. In addition, there was no significant
dehalogenation of DBP at any concentration. In contrast,
added DBP had little or no effect on the anaerobic enrichment cultures; a modest stimulation of growth was observed
at 50 ,uM, and slight inhibition occurred at 1,000 ,uM (Fig. 4b
and c). DBP was also dehalogenated during the anaerobic
incubations at all concentrations examined. On the basis of
microscopic examinations, the initial morphological diversity of the aerobic (0 to 100 ,uM) and the anaerobic populations was not affected by the addition of DBP, even though
the growth of the aerobes was markedly inhibited. An initial
taxonomic survey of the aerobic enrichments indicated that
the 12 organisms isolated belonged primarily to the genera
Pseudomonas and Flavobacterium.
Bacterial numbers showed distinct differences between
burrow types and surface and subsurface sediments (Fig. 5).
The highest populations were observed along the walls of N.
succinea burrows (about 6.2 x 10-8 cells per g [dry weight]),
whereas the lowest numbers were found in S. kowalewskii
samples (about 2.7 x 10-8 cells per g [dry weight]). Numbers
from surface sediments and from 1- to 5-cm depths were
intermediate, with the higher values noted for surface samples. The estimates for the two burrow wall samples and for
surface sediments were statistically different (at P < 0.1)
according to an analysis of variance and tests of least
significant differences.
The distribution of iron was also distinctive (Fig. 6; Tables
1 and 2). The highest concentrations of total, acid-soluble,
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DISCUSSION
This study documents the presence of bacterial dehalogenation in intertidal marine sediments which contain a halo-
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and oxalate-extractable iron were found in S. kowalewskii
burrow walls; these pools were similar in bulk sediments and
in N. succinea burrows. In addition, both the oxalate- and
HCl-extractable pools were a larger percentage of the total
iron in S. kowalewskii samples (Table 1). Ferric and ferrous
iron concentrations in the acid-soluble and oxalate pools also
differed among the sediment types. Ferric iron dominated
the oxalate-extractable and acid-soluble fractions of all samples; however, ferrous iron was a significant component of
both the burrow wall samples and accounted for about
one-half of the acid-soluble iron from the N. succinea
burrows (Table 2).
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FIG. 5. Total bacterial numbers in sediments from burrow walls
and neighboring areas. All data are expressed on a dry weight basis
and represent means of triplicate determinations.

TABLE 1. Relative contribution of oxalate-extractable iron in
acid-soluble and total iron
Iron pool

Acid soluble
Total

Oxalate-extractable iron (%) from following source:

Bulka

S. kowalewskii

N. succinea

27.9
44.2

48.5
63.7

25.3
39.1

a Bulk sediments were collected at least 1 cm from burrow walls.

phenol-producing hemichordate. Other researchers have
also measured dehalogenating capabilities in marine sediments or in bacteria isolated from marine environments (see,
e.g., reference 37). However, these capabilities have not
been correlated with the distribution of naturally occurring
halocarbons, but with pollutants instead. Although correlations with pollution may be appropriate, dehalogenation may
be more commonly associated with in situ halocarbon production. In the marine environment, biological halocarbon
production is widespread (see references 8, 12, 16, 23, and 34
for examples) and is perhaps of greater importance than
anthropogenic sources in some cases. In fact, the ability of
marine dehalogenators to metabolize anthropogenic compounds may be derived in part from activities directed
toward naturally occurring analogs.
In this study, bacterial dehalogenation was probably related to the production of DBP by S. kowalewskii. No other
halocarbon-containing organisms of significance have been
observed at the sample site (16). It is not possible, however,
to rule out other biological sources, since a variety of
burrowing fauna have been reported to contain halogenated
compounds (1, 39). Likewise, it is difficult at present to
dismiss pollution as a factor; however, the sampling site is
not located near any industrial areas, and chlorination of
wastewaters has only recently begun in neighboring areas.
Interestingly, the results of this work suggest that aerobic
dehalogenation is relatively unimportant in Lowes Cove.
Little or no DBP degradation has been observed for aerobic
incubations of sediments or enrichment cultures (Fig. 4a and
c). Since a variety of aerobic bacteria are known to dehalogenate chlorine- and bromine-containing aliphatics and aromatics (see, e.g., references 10, 24, and 36), these results are
somewhat surprising. One explanation may be that the
aerobic populations enriched from Lowes Cove sediments
are especially sensitive to high micromolar to millimolar
concentrations of DBP. A toxic effect of DBP may restrict
degradation to low micromolar concentrations, as illustrated
with the radiotracer studies (Fig. 2). It is also possible that
results from the enrichment cultures do not actually represent metabolic potentials in situ, owing to a selection against
aerobic dehalogenators. Although this cannot be dismissed,
results with sediments alone and results obtained from a
variety of other enrichment methods have shown significant
dehalogenation at low micromolar substrate concentrations
only.
TABLE 2. Proportion of ferrous iron in oxalate-extractable and
acid-soluble sediment fractions
Iron pool

Oxalate
Acid soluble
a

Ferrous iron (%) from following source:

Bulka

S. kowaleuskii

N. succinea

1.4
4.8

13.7
25.1

4.3
48.9

Bulk sediments were collected at least 1 cm from burrow walls.

3083

In contrast, DBP was effectively and rapidly degraded by
anaerobes (Fig. 1, 2, and 4b). Typically, 1 mM solutions
were dehalogenated within 48 to 72 h. Only brief lags (about
12 h) were noted. In batch enrichment analyses, monobromophenols (2- and 4-bromophenol) were observed as transient intermediates at low concentrations. Similar intermediates have occasionally been observed for sediments as
well. Subsequent analyses have revealed that phenol is the
primary product of dehalogenation, with further metabolism
probably due to oxidation by sulfate-reducing bacteria.
Addition of 20 mM sodium molybdate to sediments with
DBP had no effect on dehalogenation, but phenol accumulated without degradation (data not shown). Phenol oxidation by sulfate reducers is also consistent with reports of
aromatic catabolism by several marine desulfobacteria (3,
33).
The above patterns of aerobic and anaerobic metabolism
may reflect differential toxicities of DBP. Anaerobes may be
less sensitive to DBP, since anaerobic ATP production is
generally not as dependent on oxidative phosphorylation,
the process effectively inhibited by DBP (30, 31). The
relative sensitivities of aerobes and anaerobes are clear from
the results of both sediment and enrichment analyses (Fig. 1,
2, and 4). The marked decrease in growth rate and yield (Fig.
4a) at concentrations above 50 pLM contrasts sharply with the
minimal effect of DBP on anaerobes at concentrations up to
1 mM.
Sulfate-reducing bacteria may represent an exception to
this trend. Sulfate reduction was inhibited relative to a
control (Fig. 3) when DBP was added at 1 mM. The apparent
inhibition was relieved after a period sufficient for complete
DBP dehalogenation. After this period, the increase in
sulfate reduction was probably due to phenol degradation or
the metabolism of end products of phenol fermentation. The
initial inhibition of sulfate reducers but not other anaerobes
by 1 mM DBP could reflect differences in oxidative metabolism. Such differences are not likely to be significant in situ,
however, since DBP concentrations are <1 mM and since
the activity of dehalogenators would afford a degree of
protection.
In addition to DBP, anoxic sediments from Lowes Cove
degraded several related halophenols. TBP was completely
dehalogenated on a temporal scale similar to that for DBP;
DCP was degraded to a lesser but still significant extent (Fig.
1). These results are consistent with patterns reported by
others; for example, Boyd et al. (5) described the degradation of a number of related chloro- and bromophenols by
enrichments adapted to a given phenol. They further noted
more rapid debromination than dechlorination. The results
reported here thus establish that the presence of naturally
occurring halogenated organics can promote the degradation
of a diversity of halocarbon compounds, some of which are
important as pollutants in marine sediments. Efforts currently under way have been directed toward establishing the
diversity of dehalogenating activities as well as the pathways
and characteristics of the principal microorganisms involved.
Although S. kowalewskii DBP may have an impact on the
distribution of dehalogenating bacteria, there is very probably a significant impact on other microbial processes as well.
For example, any inhibitory effects of DBP may limit the
presence of aerobic populations associated with the inner
burrow wall, where DBP concentrations are locally highest
(16). Data from a comparison of total bacterial numbers in
burrow wall sediments support this possibility, since total
cell numbers are about 2.3-fold lower for the S. kowalewskii
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samples than for burrows of N. succinea, which is not
known to contain toxic metabolites. This pattern may be
fortuitous and the result of other factors. However, an
analysis by Dobbs (E. C. Dobbs, personal communication)
of the burrows of another halophenol-producing enteroptneust, Ptychodera bahamensis, and a crustacean, Callianassa sp., yielded similar results. Certainly, more detailed
analyses are warranted, since the work described here
contrasts with the positive animal-microorganism interactions noted by other authors (11, 40).
Differences in aerobic microbial populations and activities
also provide an explanation for the characteristic enrichment
of iron oxides around S. kowalewskii burrows. Decreased
microbial oxygen consumption could result in greater chemical oxidation of porewater ferrous iron, with enhanced
deposition of amorphous oxides supported by diffusive
fluxes from bulk sediments to the burrow microenvironment.
The relatively high concentrations of ferrous iron in these
oxides suggests that mixed-valence oxides are formed chemically or that the presence of iron oxide enrichments results
in a microenvironment where iron reducers are active. These
organisms are known to form mixed-valence iron oxides
(19). The lack of a significant enrichment in the various iron
pools of N. succinea burrow sediments suggests that increased availability of oxygen from burrow ventilation may
be insufficient by itself to alter patterns of total iron accumulation. However, the large fraction of ferrous iron in N.
succinea burrows indicates that microbial iron reduction
may be an important process associated with animal burrows
in general.
Finally, it is important to develop a greater understanding
of the role of DBP and related compounds the autecology of
organisms such as S. kowalewskii. Although the rationale for
halophenol production is uncertain at present, it is possible
that halophenols are used as a means of specifically altering
the burrow microenvironment. Changes in both burrow
microbiology and chemistry could promote animal growth,
reproduction, or survival. Sheikh and Djerassi (27) have also
suggested that halogenated organics may serve as a defense
against bacteria, although the need for such a defense was
not elaborated. Inhibition of mucus degradation represents a
"need" worth exploring, however, since a decrease in the
replacement costs for mucus would benefit other aspects of
animal growth.
In conclusion, DBP formed by S. kowalewskii is degraded
primarily by anaerobic metabolism. Under anaerobic conditions, DBP is sequentially dehalogenated, with monobromophenols and phenol as intermediates. Further metabolism of
phenol is apparently dependent on sulfate reduction. Aerobes from Lowes Cove sediments have little capacity to
degrade DBP at high concentrations; growth of enrichment
cultures is inhibited above 50 ,uM DBP. The sensitivity of
aerobes to DBP and the relatively small numbers of bacteria

in S. kowalewskii burrow sediments suggest that halophenols
are an important component of animal-microorganism interactions in situ. Halophenols and related compounds may
form a chemical defense that regulates the distribution of
some microbial populations and at least some aspects of
burrow wall biogeochemistry.
ACKNOWLEDGMENTS
I thank C. Giray for excellent assistance and support in both the
laboratory and field and L. Hall for technical assistance.
This work was supported in part by subventions from the U.S.
Environmental Protection Agency (R813846-01-0) and the National
Science Foundation (OCE-8700358).

APPL. ENVIRON. MICROBIOL.
LITERATURE CITED
1. Ashworth, R. B., and M. J. Cornier. 1967. Isolation of 2,6dibromophenol from the marine hemichordate, Balanoglossus
biminiensis. Science 156:158-159.
2. Bachmann, A., P. Walet, P. Wijnen, W. de Bruin, J. L. M.
Huntjens, W. Roelofsen, and A. J. B. Zehnder. 1988. Biodegradation of alpha- and beta-hexachlorocyclohexane in a soil slurry
under different redox conditions. Appi. Environ. Microbiol. 54:
143-149.
3. Bak, F., and F. Widdel. 1986. Anaerobic degradation of indolic
compounds by sulfate-reducing enrichment cultures, and description of Desulfobacterium indolicum gen. nov., sp. nov.
Arch. Microbiol. 146:170-176.
4. Boyd, S. A., and D. R. Shelton. 1984. Anaerobic biodegradation
of chlorophenols in fresh and acclimated sludge. Appl. Environ.
Microbiol. 47:272-277.
5. Boyd, S. A., D. R. Shelton, D. Berry, and J. M. Tiedje. 1983.
Anaerobic biodegradation of phenolic compounds in digested
sludge. Appl. Environ. Microbiol. 46:50-54.
6. Craigie, J. S., and D. E. Gruening. 1967. Bromophenols from
red algae. Science 157:1058-1059.
7. DeFlaun, M. F., and L. M. Mayer. 1984. Relationships between
bacteria and grain surfaces in intertidal sediments. Limnol.
Oceanogr. 28:873-881.
8. Faulkner, D. J. 1977. Interesting aspects of marine natural
products chemistry. Tetrahedron 33:1421-1443.
9. Frantz, B., T. Aldrich, and A. M. Chakrabarty. 1987. Microbial
degradation of synthetic recalcitrant compounds. Biotechnol.
Adv. 5:85-99.
10. Goshal, D., I.-S. You, D. K. Chatterjee, and A. M. Chakrabarty.
1985. Microbial degradation of halogenated compounds. Science 228:135-142.
11. Grundmanis, V., and J. W. Murray. 1977. Nitrification and
denitrification in marine sediments from Puget Sound. Limnol.
Oceanogr. 22:804-813.
12. Higa, T., T. Fujiyama, and P. J. Scheuer. 1980. Halogenated
phenol and indole constituents of acorn worms. Comp. Biochem. Physiol. B 65:525-530.
13. Hrudey, S. E., E. Knettig, S. A. Daignault, and P. M. Fedorak.
1987. Anaerobic biodegradation of monochlorophenols. Environ. Technol. Lett. 8:65-76.
14. Hutzinger, O., and W. Veerkamp. 1981. Xenobiotic chemicals
with pollution potential, p. 3-45. In T. Leisinger, A. M. Cook,
R. Hutter, and J. Nuesch (ed.), Microbial degradation of xenobiotics and recalcitrant compounds. Academic Press, Inc., New
York.
15. King, G. M. 1983. Sulfate reduction in Georgia salt marsh soils:
an evaluation of pyrite formation with "sFe and 35S tracers.
Limnol. Oceanogr. 28:987-995.
16. King, G. M. 1986. Inhibition of microbial activity in marine
sediments by a bromophenol from a hemichordate. Nature
(London) 323:257-259.
17. King, G. M., B. L. Howes, and J. W. H. Dacey. 1985. Short-term
endproducts of sulfate reduction: formation of volatile sulfides,
elemental sulfur, and pyrite. Geochim. Cosmochim. Acta 49:
1561-1566.
18. King, G. M., M. J. Klug, and D. R. Lovley. 1983. Metabolism of
acetate, methanol, and methylated amines in intertidal sediments of Lowes Cove, Maine. Appl. Environ. Microbiol. 46:
1848-1853.
19. Lovley, D. R., J. F. Stolz, G. L. Nord, Jr., and E. J. P. Phillips.
1987. Anaerobic production of magnetite by a dissimilatory
iron-reducing microorganism. Nature (London) 330:252-254.
20. Maule, A. S. Plyte, and A. V. Quirk. 1987. Dehalogenation of
organochlorine insecticides by mixed anaerobic microbial populations. Pestic. Biochem. Physiol. 27:229-236.
21. McConnell, 0. J., and W. Fenical. 1977. Polyhalogenated 1octene-3-ones, antibacterial metabolites from the red seaweed
Bonnemaisonia asparagoides. Tetrahedron Lett. 23:1851-1854.
22. McKeague, J. A., and J. H. Day. 1966. Dithionite and oxalateextractable Fe and Al as aids in differentiating various classes of
soils. Can. J. Soil Sci. 46:13-22.
23. Neidleman, S. L., and J. Geigert. 1986. Biohalogenation: prin-

Downloaded from https://journals.asm.org/journal/aem on 12 October 2021 by 2620:105:b001:1060:c439:1362:e317:c91c.

3084

24.
25.
26.
27.
28.

29.

30.

31.
32.

ciples, basic roles and applications. Ellis Horwood, Ltd., Chichester, England.
Reineke, W. 1986. Construction of bacterial strains with novel
degradative capabilities for chloroaromatics. J. Basic Microbiol.
26:551-567.
Rivera, P., L. Astudillo, J. Rovirosa, and A. San-Martin. 1987.
Halogenated monoterpenes of the red alga Shottera nicaensis.
Biochem. Syst. Ecol. 153-4.
Rochkind-Dubinsky, M. L., G. S. Sayler, and J. W. B1lackburn.
1987. Microbiological decomposition of chlorinated aromatic
compounds. Marcel Dekker, Inc., New York.
Sheikh, Y. M., and C. Djerassi. 1975. 2,6-Dibromophenol and
2,4,6-tribromophenols-antiseptic secondary metabolites of
Phoronopsis viridis. Experientia 31:265-266.
Shelton, D. R., and J. M. Tiedje. 1984. Isolation and partial
characterization of bacteria in an anaerobic consortium that
mineralizes 3-chlorobenzoic acid. AppI. Environ. Microbiol. 48:
840-848.
Shimp. R. J., and F. K. Pfaender. 1987. Effect of adaptation to
phenol on biodegradation of monosubstituted phenols by
aquatic microbial communities. Appl. Environ. Microbiol. 53:
1496-1499.
Stockdale, M., and M. J. Selwyn. 1971. Influence of ring
substituents on the action of phenols on some dehydrogenases,
phosphokinases and the soluble ATPase from mitochondria.
Eur. J. Biochem. 21:416-423.
Stockdale, M., and M. J. Selwyn. 1971. Influence of ring
substituents on the activity of phenols as inhibitors and uncouplers of mitochondrial respiration. Eur. J. Biochem. 21:565-574.
Suflita, J. M., A. Horowitz, D. R. Shelton, and J. M. Tiedje.
1982. Dehalogenation: a novel pathway for the anaerobic biodegradation of haloaromatic compounds. Science 218:1115-

DEHALOGENATION IN MARINE SEDIMENTS

3085

1117.
33. Szewzyk, R., and N. Pfennig. 1987. Complete oxidation of
catechol by the strictly anaerobic sulfate-reducing Desulfobacterium catecholicum sp. nov. Arch. Microbiol. 147:163-168.
34. Theiler, R. F., J. S. Siuda, and L. P. Hager. 1978. Bromoperoxidase from the red algae, Bonnemasionia hamifera, p. 153169. In P. N. Kaul and C. J. Sindermann (ed.), Drugs and food
from the sea. University of Oklahoma Press, Norman.
35. Valo, R., and M. Salkinoja-Salonen. 1986. Microbial transformation of polychlorinated phenoxy phenols. J. Gen. Appl.
Microbiol. 32:505-517.
36. van den Tweel, W. J. J., J. B. Kok, and J. A. M. de Bont. 1987.
Reductive dechlorination of 2,4-dichlorobenzoate to 4-chlorobenzoate and hydrolytic dehalogenation of 4-chloro-, 4-bromo-,
and 4-iodobenzoate by Alcaligenes denitrificans NTB-1. Appl.
Environ. Microbiol. 53:810-815.
37. Watanabe, I., T. Kashimoto, and R. Tatsukawa. 1986. Hexabromobenzene and its debrominated compounds in river and estuarine sediments in Japan. Bull. Environ. Contam. Toxicol. 36:
778-784.
38. Wilson, B. H., G. B. Smith, and J. F. Rees. 1986. Biotransformations of selected alkylbenzenes and halogenated aliphatic
hydrocarbons in methanogenic aquifer material: a microcosm
study. Environ. Sci. Technol. 20:997-1002.
39. Woodin, S. J., M. D. Walla, and D. E. Lincoln. 1987. Occurrence of brominated compounds in soft-bottom benthic organisms. J. Exp. Mar. Biol. Ecol. 107:209-217.
40. Yingst, J. Y., and D. C. Rhoads. 1980. The role of bioturbation
in the enhancement of microbial turnover rates in marine
sediments, p. 407-422. In K. R. Tenore and B. C. Coull (ed.),
Marine benthic dynamics. University of South Carolina Press,
Columbia.
Downloaded from https://journals.asm.org/journal/aem on 12 October 2021 by 2620:105:b001:1060:c439:1362:e317:c91c.

VOL. 54 1988

